Genetically identical organisms grown in homogenous environments differ in quantitative phenotypes. Differences in one such trait, expression of a single biomarker gene, can identify isogenic cells or organisms that later manifest different fates. For example, in isogenic populations of young adult Caenorhabditis elegans, differences in Green Fluorescent Protein (GFP) expressed from the hsp-16.2 promoter predict differences in life span. Thus, it is of interest to determine how interindividual differences in biomarker gene expression arise. Prior reports showed that the thermosensory neurons and insulin signaling systems controlled the magnitude of the heat shock response, including absolute expression of hsp-16.2. Here, we tested whether these regulatory signals might also influence variation in hsp-16.2 reporter expression. Genetic experiments showed that the action of AFD thermosensory neurons increases interindividual variation in biomarker expression. Further genetic experimentation showed the insulin signaling system acts to decrease interindividual variation in life-span biomarker expression; in other words, insulin signaling canalizes expression of the hsp-16.2-driven life-span biomarker. Our results show that specific signaling systems regulate not only expression level, but also the amount of interindividual expression variation for a life-span biomarker gene. They raise the possibility that manipulation of these systems might offer means to reduce heterogeneity in the aging process.
Differences in genes and environments are often used to explain the totality of the variation in any given phenotype. And yet, cellto-cell and animal-to-animal variation in quantitative phenotypes occurs even when genotype and environment are held constant. Such intrinsic biological variation accounts for the differences in a number of complex quantitative traits, such as mouse body weight, for which the non-genetic, non-environmental component accounts for 70%-80% of the total variation (1) . Life span is another quantitative phenotype for which there is a relative abundance of environment-and genotype-independent variation (2) . Gene expression, of almost all reporter genes measured in populations of eukaryotic cells and animals, also has significant non-genetic, non-environmental components (3, 4) . Moreover, variation in expression of single genes correlates with differences in important biological outcomes. For example, murine stem cells, expressing high levels of SCA-1 differentiate into myeloid cells at twice the frequency of cells with low expression (5) .
In Caenorhabditis elegans, differences in the amount of Green Fluorescent Protein (GFP) expressed under control of the hsp-16.2 promoter after heat shock predict differences in life span, heat tolerance, and health span as measured by locomotion (6) (7) (8) . Animals with high expression of this P hsp-16.2 ::gfp life-span biomarker show increased mRNA for multiple chaperones (hsp -17, hsp-70, hsp-16.1, hsp-16.2, hsp-16.41 ) and exist in a more robust physiological state (6) . Recently, we found that several otherwise-isogenic hsp-16.2 promoter reporter strains, differing in reporter insertion site, copy number, 3′UTR, and fluorescent protein, showed identical normalized interindividual variation (identical coefficient of variation, CV) in life-span biomarker expression (4) . Our previous investigation found results that were astounding in terms of deviating from the expectations put forth by the power law, which states that even the relative amount of interindividual variation should decrease with increasing expression level. We found that, among the diverse reporters of hsp-16.2 transcription, there was no difference in relative interindividual variation in reporter expression, despite differences in mean of an order of magnitude, replotted in Supplementary Figure  S1 to show the reproducibility and trial to trial variation in CV; data also available as raw mean and CV values in Supplementary File F1.
In this study, we reasoned that if this non-genetic, non-environmental variation was not a simple consequence of biochemical noise, it might arise from the action of a program to generate phenotypic diversity. The ideas put forth by Waddington on canalization (9) suggested that there might be genes whose normal function was to canalize, or reduce variation in complex traits, and in fact, mutations that reduce the variation in other quantitative traits (canalizing genes) have been identified (see Discussion). Thus, if there were a biological program to increase variation in quantitative phenotypes (10) , it might be possible to identify loss of function mutations that resulted in relatively fewer differences among individuals -mutations defining what one might call diversifying or anticanalizing genes.
Here we sought to identify genes that affected variation (measured by CV) in expression of the P hsp-16.2 ::gfp life-span biomarker in C elegans. We particularly wanted to identify genes whose normal function might be to increase or anticanalize interindividual variation in gene expression; that is, we sought mutants resulting in fewer differences between individuals in populations of isogenic animals. To do so, we took advantage of the fact that P hsp-16.2 promoter drives expression of a gene encoding a small heat shock protein, and that expression of the P hsp-16.2 ::gfp biomarker reporter is controlled by the same systems that control the organism's heat shock response. We reasoned that genetic lesions in the same systems that affected the amount of expression might also affect interindividual variation in the expression of this P hsp-16.2 ::gfp life-span biomarker.
In C elegans, two systems control the magnitude of the response to heat shock, including the induction of hsp-16.2. The first, the neuronal system, depends on the action of thermosensory neurons (11) (12) (13) (14) (15) . In terms of effect on thermosensation/thermotaxis, the main thermosensory neurons are the two AFD neurons (11) . These cells sense heat (11) and depolarize in response to heat shock (12) (13) (14) (15) , causing connected neurons (probably the terminal AIY pair (12) ) to release some secreted diffusible factor(s) (possibly serotonin (16) ). Inside the AFD neurons, as temperature increases, cyclic GMP concentrations increase, presumably through the action of three guanylyl cyclases, GCY-8, GCY-18, and GCY-23 (15) . When cyclic GMP concentrations reach some level, they activate the TAX-4 cyclic-nucleotide-gated channel, causing the AFD neurons to depolarize (12) (13) (14) (15) . Accordingly, both tax-4 and gcy-8 are required for the somatic-heat-shock-response-enhancing depolarization (12). Here we were able to utilize mutants in these genes to test the hypothesis that the thermosensory neuron depolarization in response to thermal stress might increase interindividual variation in life-span biomarker expression. We examined the tax-4(p678) loss of function mutation, which is expressed in ten pairs of sensory neurons (17) , including the thermosensory AFD neuron pair. We also examined the gcy8(oy44) loss of function mutation, which is expressed exclusively in the AFDs (15, 18) , and prevents them from depolarizing in wild-type fashion (14) . These two mutants phenocopy one another. In C elegans, the difference between the cellular response with and without depolarization of the AFD neurons operationally defines both the cell-non-autonomous heat shock response and the cell-autonomous remainder (12) .
The insulin-like signaling system also affects the magnitude of the cell autonomous heat shock response (19, 20) , including induction of hsp-16.2 (19, 21) . In C elegans, insulin signaling requires ligand agonization and antagonization of the insulin-like receptor, the daf-2 gene product (22) , which represses or activates, respectively, nuclear translocation of the major downstream transcription factor, the mammalian FOXO3 homolog, the daf-16 gene product (23) . When insulin signaling is low (eg, low food or elevated temperatures (24, 25) ), the DAF-2 receptor decreases intracellular signaling, allowing the DAF-16 transcription factor to translocate to the nucleus (26) , and induce expression of a battery of stress response genes, including genes encoding heat shock proteins (19) (20) (21) 27 ). Here we used mutants to test the hypothesis that the insulin signaling system might affect interindividual variation in life-span biomarker expression. Specifically, we examined the daf-2(e1370) loss of function mutant, which causes constitutive somatic activation and nuclear translocation of DAF-16 (28) . We also examined a mutation with the opposite effect, the daf-16(mu86) null mutant, which disables insulin-like signaling (29) .
Experimental details are provided in the Materials and Methods section of Supporting Materials.
Results
First, as previously reported (12), as assayed by reduced mean P hsp-16.2 ::gfp expression, we observed a depressed heat shock response when we genetically ablate thermosensory neuron function ( Figure 1B , and raw data in (30)) via tax-4(p678) or gcy-8(oy44) mutations, which phenocopy one another. Figure 1A , Supplementary Figure S2 , and raw data in (30) show that in comparison with wildtype animals, we also observed consistently less variation in life-span biomarker expression in populations of animals without functional thermosensory neurons. Our results thus suggest that depolarization of the AFD neuron pair increases variation in life-span biomarker gene expression.
We next tested the effects of the insulin-like signaling system on variation in life-span biomarker expression. Again, as assayed by P hsp-16.2 ::gfp expression, and as expected from previous work (19), we found that disabling the insulin-like signaling via the daf-16(mu86) mutation resulted in a depressed heat shock response, while activating it via the daf-2(e1370) mutation resulted in an increased response ( Figure 1D ). Disabling the insulin-like signaling system with the daf-16(mu86) mutation resulted in relatively greater inter individual variation in gene expression, whereas activating the insulin-like signaling system via the daf-2(e1370) mutation decreased variation ( Figure 1C and D, Supplementary Figure S2 and (30)). Thus, activation of the insulin-like signaling system reduces (canalizes) variation in expression of the life-span biomarker, and, in this biological context, daf-16 is a canalizing gene and daf-2 is a diversifying gene.
Discussion
This work shows that animal-to-animal variation in expression of a life-span biomarker reporter gene can be studied genetically. It also demonstrates that intrinsic operational variation in different heat shock control systems can generate phenotypic variation in the absence of environmental or genetic variation, which can have both consequences for the physiology of individuals and for the fitness of the population (discussed further below). Thus, this report adds to a small number of recent studies identifying genes that can increase (diversify) or reduce (canalize) the amount of variation (eg, CV) in quantitative phenotypes. Below, we discuss pleiotropic effects of the mutations we used to consider how these mutations might be affecting the amount of interindividual variation in life-span biomarker expression. We then consider the degree of interindividual variation in a population as trait that natural selection might select for or against.
In order to compare interindividual variation between two separate populations, we made repeated measures of population CV, pairing control groups with experimental groups in each experiment. In practice, most studies obtain a single instance of population CV from two groups and compare the CVs by bootstrap analyses of the raw population data. However, we had the luxury of performing repeated experiments to determine if we could see reproducible differences in the CV of gene expression for genetically distinct populations. Thus, in addition to bootstrap analyses of our data pooled from many experiments, we were able to use standard statistical tests traditionally used for analyses of percentage values or mean values from populations. Importantly, we reached the same the same statistical conclusions with three different methods of analyses for each dataset (parametric, nonparametric, boostraping).
Pleiotropic Effects of Mutations That Affect
Here, we demonstrated an effect on variation in expression of P hsp-16.2 ::gfp using mutants known to affect the overall heat shock response. In addition to their effects on the expression of this reporter, on heat shock response, and, on life span itself, these particular mutant alleles we used are pleiotropic. Mutations in the daf-2/daf-16 insulin signaling system, including the reference daf-2(e1370) allele, cause non-heat shock related phenotypes as varied as arrest during larval development, adult body shrinkage, gonadal malformation, reduced pharyngeal pumping, and reduced male mating efficiency (25) . In addition to their effects on the heat shock response, lesions in gcy-8 and tax-4 have other consequences for the organism, including loss of oxygen sensing, loss of volatile chemical sensing, loss of "social feeding" (31) , and loss of carbon dioxide perception (32) . It is therefore possible that their effect on variation in life-span biomarker expression are indirect, and not related to their effects on heat shock or life span itself.
The Power Law in Gene Expression Noise and Microbial Cell-to-Cell Versus Animal-to-Animal Variation in Gene Expression
A rich set of theoretical and empirical literature suggests that as gene expression increases, the noise in gene expression falls (33, 34) . The variance in gene expression that falls with increased expression is called intrinsic noise (3, 35) , as it is a consequence of promoter bursting and fluctuations in mRNA number. These fluctuations, although important in single celled organisms such as Escherichia coli or budding yeast where much of this work has been performed, and gene expression may be low, are unlikely to be significant in multicellular organisms in cases where gene expression in individual cells is far higher or controlled cell-non-autonomously. Also, even in single celled organisms, not all genes follow the power law (34), and we have shown previously that hsp-16.2 reporters do not ((4) and Supplementary Figure S1 ). Here we show that multicellular organisms are subject to additional regulation of interindividual variation, and that the degree of variation can be controlled by specific genes.
Genes and Loci That Affect Variation in Quantitative Traits
In this study, we identified individual mutations that increased or decreased variation in the expression of a life-span biomarker in populations of isogenic individuals in homogeneous environments. Here, we discuss previous work that considers circumstances in which variation in quantitative phenotypes might be favored and disfavored (and thus controlled by genes and subject to selection). We also discuss work on genes that affect the amount of variation in quantitative traits.
The researchers who initially considered how differences in quantitative traits might affect fitness were studying variation due to different alleles present in outbred populations, and how the frequency of those alleles might change over time (36, 37) . But, as we have introduced, not all variation in these traits is due allelic differences. Later research addressed a related issue, variation in quantitative phenotypes within isogenic populations, and how variation might affect population fitness. In this later work (including the work here), variation in phenotype in isogenic populations arises from various mechanisms, and but those mechanisms depend on and are affected by the action of particular genes.
Genes That Decrease Phenotypic Variation
Classically, in stable environments, uniformity in the value of phenotypic traits results in maximum fitness. Restated, in stable environments, an allele, and an organismic genotype, that causes the optimal value of a trait emerges and becomes fixed (38, 39) . But, given inevitable differences in genotype of organisms within populations, and variation in the environment (at least, over time) how could populations manifest the optimum value of phenotypic traits? In the mid20th century, Waddington suggested that organisms might have evolved mechanisms by which phenotypic traits manifest uniformly despite differences in environment, genotype, and individual circumstances of embryonic development (9) . He called such reduction in interindividual variation "canalization."
Canalization depends on the action of genes. A well-known example of such a canalizing gene is scute, a basic helix-loophelix protein, one of the four genes that comprise the achaetescute complex. scute canalizes bristle number in flies (40) . Animals homozygous for a particular mutation, sc, have greater variation in bristle number than wild-type animals (eg, in lines unselected for bristle number, the bristle number of sc flies (sc/Y) falls into four bins, whereas the bristle number of wild-type flies (sc + /Y) falls into three bins). Perhaps best known, is HSP90, which, in Drosophila melanogaster, Arabadopsis thaliana, and Danio rerio normally reduces phenotypic variation that would otherwise exist; partial inhibition of function can increase variation in some traits but not others (41) (42) (43) . Similarly, in the context of variation in expression of the P hsp-16.2 ::gfp reporter genes used here, the wild-type daf-16 product (the C elegans FOXO3 homolog) is a canalizing gene: its reduces differences in gene expression among individuals.
Genes That Increase Phenotypic Variation
During the middle 20th century, biologists also began to consider evolutionary circumstances under which variation in phenotypic traits might be favored. In 1953, Levene showed that for species that occupy multiple ecological niches, different phenotypes might be most fit in different niches, resulting in an equilibrium in which multiple phenotypes (and the multiple genotypes assumed to produce them) optimized the fitness of the population (44) . Later investigations of reproductive fitness in birds led to the idea that increased variation in a particular quantitative trait, number of eggs laid per reproductive cycle (clutch size), might increase population fitness.
The increased fitness arising from multiple clutches was due to the finite risk of catastrophic predation; having five clutches averages two eggs each, with greater variance in clutch size, might be better for an individual's reproductive fitness than laying one clutch of ten eggs (45) . In an accompanying commentary, Slatkin termed concept of increasing reproductive fitness by avoiding catastrophic risk, either by altering the otherwise optimal value of a quantitative trait or by increasing variation in it, "hedging one's evolutionary bets" (46) .
It has been suggested that bet hedging by increased variation applies to many quantitative phenotypes (47) and there is some empirical evidence that it does (10). This idea is also supported by recent theoretical work (48) . In this study, Rice found forces pulling phenotypes toward both reduced and increased variation in fitness, with increased efficiency of selection favoring increased variation (48) , and, as a consequence, more rapid evolution of the population (48) . In C elegans, there is some evidence to support the idea that at least some aspects of variation may be selected for, because, despite the highly canalized development of C elegans (49, 50) , we know there is a distribution of fitness values, in terms of progeny per worm (51) (52) (53) and somatic life span (7, 8, 54) and stress resistance (6) (7) (8) . Recently, George Martin has used the term "epigenetic gambling" to describe a particular class of mechanisms that might operate within isogenic populations to exert a diversifying effect on phenotypes including life span, again with the idea that this diversity exerts a similar positive effect on the fitness of the population as a whole (55) .
There are examples of genes that act to increase interindividual differences in quantitative traits in isogenic populations. Our prior investigations in Saccharomyces cerevisiae found that a deletion of kss1 resulted in fewer differences among cells in signal sent through the pheromone response system, demonstrating that one function of the wild-type KSS1 gene is to increase variation in pathway output at low pheromone concentration (3) . Similarly, studies of variation in phenotype in Arabidopsis thaliana established alleles of the elf-3 gene that increased variation in flowering time (56) .
There are also examples of loci (Quantitative Trait Loci) defined by DNA sequence differences that affect the amount of interindividual variation in, for example, gene expression in mice (57) and plant height in maize (58) . Interestingly, some of these variation-increasing loci operate only in some environments. For example, some welldefined Quantitative Trait Loci in particular maize strains increase variation in all tested environments including normal cultivation, while others increase variation only in plants grown with reduced water or reduced nitrogen (58, 59) . Because in maize uniformity of plant height is considered a desirable trait and is under human selection, in this case, we might say that loci that decrease phenotypic uniformity decrease fitness.
Here, we found that, in isogenic populations, the wild-type tax-4 and gcy-8 gene products increased variation in expression of a life-span biomarker. We could call such genes "diversifying" or "anticanalizing," and, given their possible function in increasing population fitness, we might call them bet hedging genes. However, we note that, ideally to call a gene that increased phenotypic variation in a quantitative trait a bet hedging gene, one would demonstrate that the wild-type allele increased the population's reproductive fitness in environments that varied over time, and that loss of function in it reduced variation and reduced fitness. Since neither this work, nor the studies of genes and alleles referenced here, examined this issue, we conclude (as others have also noted (10)), evidence that genes that increase variation are "bet hedgers" evolved over the course of selection to increase reproductive fitness remains elusive.
Conclusion
This work establishes, for the first time, that operation of insulin and neuronal signaling systems can affect variation in gene expression. It demonstrates that single genes can act to increase variation in metazoan gene expression, thus, these diversifying/anticanalizing processes can be studied genetically. Identification and understanding of additional diversifying/anticanalizing genes and signaling systems might allow researchers (and one day physicians) to canalize populations of cells, tissues or even animals into more robust, healthier physiological states. Moreover, it suggests that some contribution to the increased phenotypic heterogeneity during aging previously attributed to unspecified stochastic events (55) , for example, increased cell-to-cell variation in gene expression observed in old mouse cardiomyocytes (60) , might be due to the action of diversifying/anticanalizing genes affecting the operation of particular signaling systems.
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